High pressure synchrotron x-ray diffraction studies have been conducted to explore the structural stability, phase transformation, and resulting mechanisms of CdSe nanobelts. 25-nm-thick wurtzite CdSe nanobelts transform to a rocksalt structure with in situ fracture at 4.0 GPa; this is greater than the transition pressure of 2.5 GPa in bulk and 25 nm nanoparticle. Decompression results in the formation of wurtzite and sphalerite at 1.2 GPa. Total Gibbs free energy calculations demonstrate that the low surface energy ±͕210͖ facets are fully responsible for the enhancement of structure stability. A strongest particle size for the rocksalt phase was determined ϳ12 nm, providing a significant constraint for the fracture of nanobelts and size-tuned enhancement of mechanical properties. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2713172͔
Crystal structure as well as particle size, shape, and morphology can affect optical, electrical, and mechanical properties.
1-7 An understanding of how structure is influenced by size, shape, and morphology could provide significant information to design effective paths for synthesis of CdSe nanocrystals with expected properties. Alivisatos and co-workers have conducted a large body of pioneering work, documenting the synthesis, application, and high pressure behaviors of ultrafine CdSe nanocrystals ͑e.g., Ͻ10 nm͒. 4, 6, [9] [10] [11] [12] [13] In this study, we modify the morphology and size scale of CdSe nanocrystals, combine high pressure synchrotron x-ray diffraction and thermodynamic calculations of the contribution of size-and morphology-tuned surface energy to total Gibbs free energy, and explore the mechanisms of CdSe nanobelt structural stability and phase transformation.
CdSe nanobelts are synthesized by a solid-vapor thermal sublimation technique.
7 Figure 1͑a͒ is a scanning electron microscopy ͑SEM͒ image indicating that as-synthesized nanobelts have a uniform cross section along their length and a typical width in the submicron range that extends over several hundred microns; part of nanobelts have a sawlike edge along one side. Electron diffraction ͓Fig. 1͑b͔͒ demonstrates that nanobelts well adopt the hexagonal wurtzite structure. Nanobelt thickness ranges from 20 to 30 nm, and ±͕210͖ facets dominate the top and bottom surfaces. In Fig.  1͑c͒ , high resolution transmission electron microscopy ͑HR-TEM͒ indicates that nanobelts are defect-free single crystal.
The structural stability, mechanical properties, and phase diagram of CdSe nanobelts were investigated in a diamond anvil cell ͑DAC͒ by in situ high pressure synchrotron x-ray diffractions at CHESS. 8 The nanobelt sample, along with small ruby chip serving as a pressure marker, is loaded in the DAC in a mixture of methanol, ethanol, and water with ratio of 4:1:1 to maintain a hydrostatic state to a peak pressure of 12 GPa. The key energy dispersive x-ray diffraction patterns are shown in Fig. 2 . At ambient conditions, x-ray diffraction agrees with electron diffraction, showing that CdSe nanobelts have a hexagonal symmetry. Upon compression to 4.0 GPa, wurtzite nanobelts rapidly transform to a denser cubic rocksalt structure that remains stable to pressure as high as 12 GPa. Based on the x-ray diffraction peak broadening with compression, CdSe nanobelt appears to maintain a constant shape below the transition pressure of 4.0 GPa, and thus collapses to small pieces upon wurtzite-to-rocksalt phase transformation. These nanobelts are obviously more stable than bulk and 25 nm nanoparticles that remain in wurtzite structure only below 2.5 GPa. rocksalt phase is not stable during decompression; below 1.2 GPa, it transforms to a mixture of sphalerite and wurtzite. The x-ray diffraction peak width indicates that the recovered phases have an average particle size of ϳ15 nm, consistent with the observed length scale for the fractured CdSe nanowires. 11 An 18% volumetric shrinkage from sphalerite ͑or wurtzite͒ to rocksalt allows one to determine the fractured rocksalt particles as ϳ12 nm, which is coincidentally consistent with the critical size of 11 nm suggested for ambient rocksalt stability for CdSe. 13 First-principles calculations indicate that, among all crystallographic facets, the ͕110͖ facet has the lowest surface energy of 0.34 J / m 2 , consistent with experimental measurements. 9, 12, 14 In hexagonal structure, the ±͕210͖ facet is symmetrically identical to the ͕110͖ facet, so the ±͕210͖-dominant CdSe nanobelt is likely one of the most stable nanoforms. 8 The average surface energy of three dimension ͑3D͒ spherical rocksalt particles can be estimated by considering crystallographic facets; the result is ϳ0.64 J / m 2 . 9, 12, 14 The Gibbs free energy difference between bulk wurtzite and rocksalt CdSe at one atmosphere and 298 K ͑⌬G 0,298 ͒ is calculated to be −15.1 kJ/ mol. With decreasing particle size, surface energy should play a significant role, and dramatically change the pressure of wurtziteto-rocksalt phase transformation. In order to calculate the total energy difference between wurtzite and rocksalt phases for determination of the transition pressure, the development of particle size from the starting wurtzite to fractured rocksalt needs to be considered. Previous studies indicate that a size-induced enhancement of transition pressure appears only for particle size down to 5 nm and that particle size remains consistent before and after compression for these smaller nanoparticles. 9, 10 The fractures in CdSe nanobelts and nanowires are found only in the long growth directions, and the resulting particles fall in the range of 10-20 nm. 11 Therefore, it appears that a critical size exists for the fracture of the large scale CdSe forms. When the starting wurtzite CdSe is larger than a critical size of 15 nm, the rocksalt breaks into some small pieces that have a particle size of 12 nm on average; below this size, rocksalt does not break but instead particles reduce in size because of the 18% volumetric shrinkage, associated with the structural change.
By including the above-mentioned factors in a practical calculation, the correlation between transition pressure and nanobelt thickness is obtained and it shows the relative importance of surface energy when compared to internal energy ͑Fig. 3͒. The calculated transition pressure at a belt thickness of 25 nm is close to 4.0 GPa, in excellent agreement with our experimental observation. The calculated transition pressure dependence on particle size in 3D CdSe nanocrystals is given ͑inset, Fig. 3͒ . This is also in agreement with experiments. 9 Our results suggest that the low energy surface structure and the size-tuned effect are fully responsible for the enhanced structure stability.
The fracture of materials normally involves the two factors: stress distribution and yield strength ͑or fracture toughness͒. The yield strength and fracture toughness prove to be closely related to the particle size, and reducing particle size to a critical value can permit a material to reach theoretical values ͑maximum values͒. This critical particle size ͑D͒ can be calculated by
where D, ␥, G, and h denote critical size ͑nm͒, surface energy ͑J/m 2 ͒, Young's modulus ͑GPa͒, and Vickers hardness ͑GPa͒, respectively. Using experimental values of these parameters in Eq. ͑1͒, the critical particle size of rocksalt CdSe phase is found to be ϳ12 nm. Nanomechanics simulations of heterogeneous materials under pressure indicate that stress concentration does not exist when particle is below 12 nm. Such materials should display theoretical yield strength. 15 However, above the critical size, structural heterogeneities behave similar to that in bulk. In defect-free nanobelt under hydrostatic pressure, reduction in strength can occur at the interfaces between starting and high pressure phases, which can only be produced through phase transformation. Therefore, in materials above a critical size and under conditions close to a phase transformation, the appearance of in situ fracture of nanobelt and the formation of 12 nm rocksalt particles at the transition pressure of 4.0 GPa are expected. Moreover, the enhanced properties of CdSe with particle size below 12 nm may explain the observed critical size of 11 nm, suggested for ambient stability for CdSe. 13 In summary, the high pressure behaviors and associated mechanisms of large scale CdSe nanobelts have been clarified by using synchrotron x-ray diffraction and thermodynamic calculation along with the size-related surface energy effect. The low surface energy of ±͕21 − 0͖ facets fully responds to the increased transition pressure of wurtzite CdSe nanobelts. The size-dependent variations of stress field, yield strength, and interface-induced stress concentration cast critical constraints for the fracture of nanobelts and formation of rocksalt particles with an average size of 12 nm. These results provide significant information for improving our abilities to control the uniformity of size, shape, structure, and surface properties of nanocrystals with tunable optical and mechanical properties for technological applications.
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